We describe the phenomenology of light singlet Higgs bosons in the Next-to-Minimal Supersymmetry Model (NMSSM) which are mostly decoupled from the rest of Supersymmetry. Noting that the Large Hadron Collider has not excluded this scenario, we describe previous searches for light Higgs bosons at the Large Electron Positron collider and evaluate the sensitivity to neutralino production and decay to light singlet Higgs bosons at the proposed √ s = 250 GeV Circular Electron Positron Collider.
Introduction
The discovery at the Large Hadron Collider (LHC) of the h 125 particle 1, 2 which plays the role of the Standard Model (SM) Higgs boson placed the physics community on the threshold of a much greater potential discovery.
Supersymmetry (SUSY) posits bosonic partners of every SM fermion and fermionic partners for every SM boson in order to solve the hierarchy problem (see Ref. 3 for a review). If discovered, SUSY may also solve residual experimental problems in the SM like the existence of dark matter, the strong CP problem and the anomalous muon magnetic moment.
In addition to the new fermion and vector boson partners, the minimal SUSY model (MSSM) requires two Higgs doublets H u and H d , resulting in five physical Higgs states: two CP even neutral states (h, H), one CP-odd neutral state (A) and two charged states (H ± ). 4 Fermionic partners of the scalar Higgs states complete the MSSM particle landscape.
The measured properties of the h 125 5 identify it, within experimental error, as the SM Higgs boson and place the other MSSM Higgs bosons well into the decoupling limit m A ≫ m Z , close to the TeV scale or above. If the MSSM is realized in nature, the recently discovered h 125 is the h of the MSSM and the H, A and H ± are undiscovered. Outside the Higgs sector of the MSSM, LHC searches for SUSY partners of the top quark and the gluon in standard decay channels have imposed severe constraints below the TeV scale (see, for example, Ref. 6 ). This in turn constrains the principle of naturalness, which implies SUSY top and gluon partners below the TeV scale.
7
The MSSM also suffers from some theoretical problems, most notably the inability to account for why, as naturalness requires, the Higgsino mass term µ is near the electroweak scale.
3
The next-to-minimal SUSY model (NMSSM) solves the µ-term problem by introducing an additional Higgs singlet S to the MSSM. 8, 9 The µ-term is generated at the electroweak scale by the vacuum expectation value of S. In the NMSSM there are seven physical Higgs states: three CP even neutral states (h 1 , h 2 , h 3 ), two CPodd neutral states (a 1 , a 2 ) and two charged states (H ± ). The NMSSM can avoid the experimental constraints on the MSSM by introducing new decays channels with phenomenologies which have not been considered by the LHC experiments.
The NMSSM with a light, mostly decoupled singlet, is one notable example. When the doublet-singlet interaction term is negligible, the singlet decouples from the rest of SUSY. The h 125 can be either the h 1 or h 2 of the NMSSM. If the singlet is light enough, the h 125 is the h 2 of the NMSSM. In addition to two singlet Higgs bosons a 1 and h 1 in the NMSSM there is an additional neutralino, the singlino. All may be lighter than 125 GeV.
In the following sections, we evaluate the sensitivity of a potential new e + e − collider to light decoupled NMSSM singlet Higgs bosons a 1 and h 1 . Direct production of singlet pairs e + e − → a 1 h 1 and singlet Higgstrahlung e + e − → Zh 1 are challenging when the singlet is mostly decoupled, but indirect production from light neutralino decay is a promising channel. Neutralino pair production proceeds through t-channel selectron exchange and s-channel Z/γ exchange. After demonstrating that light neutralinos and selectrons have not been excluded by the LHC, we consider the sensitivity to this scenario at the proposed Circular Electron Positron Collider (CEPC) 10 at √ s = 250 GeV with 10ab −1 integrated luminosity.
Phenomenology
At tree level, the NMSSM Higgs sector is determined by six free parameters. 8 The parameters λ and κ appear in the additional terms the NMSSM adds to the MSSM Lagrangian, λŜĤ dĤu + κŜ 3 , the singlet-doublet and singlet self-interaction terms. As noted, the parameter µ = λ S . The parameters m P and m A are the pseudoscalar mass scales. Finally, as for the MSSM, tan β is the ratio of doublet vacuum expectation values.
When κ = 0, the NMSSM exhibits a Peccei-Quinn (PQ) symmetry, and when it is slightly nonzero it exhibits a slightly broken PQ symmetry; when λ ≈ 0 and κ ≈ 0 the NMSSM is known as the effective MSSM since the MSSM Lagrangian is recovered in the limit λ, κ → 0.
8 Nevertheless, the phenomeology of an effective MSSM can be strikingly different from the MSSM if the mass hierarchy and Rparity conservation forces decays from the NMSSM sector to the SM and MSSM sectors, and vice versa.
For λ = 0, the singlet sector is completely decoupled from the MSSM and SM sectors. If we consider a 1 to be the lightest singlet sector particle, then it is stable. When h 1 decay to singlinos is kinematically disallowed, the only allowed decay is h 1 → a 1 a 1 . Moreover the heavier neutralinos cannot decay to the singlino. However, if a slightly nonzero λ is allowed, the a 1 and h 1 may decay to SM pairs and the MSSM neutralinos may decay to the singlet sector.
For a concrete example of this scenario, we consider the NMSSM benchmark h 60 , 11 also referred to as BP3 in Ref. 12 . The point was selected from points surviving a large parameter space scan using NMSSMTools 4.4.0, [13] [14] [15] [16] [17] [18] which imposed a large set of experimental constraints, including the h 125 signal strengths measured at the LHC. This point features λ = 0.035 and κ = 0.0061, clearly defining an effective MSSM. The mass scales are m P = 10 GeV, m A = 1070 GeV and µ = 167 GeV. Finally, tan β = 15. See Table 1 for the masses, main decays and Higgs components of the h 60 singlet sector a 1 , h 1 , χ 1 and MSSM sector χ 2 , χ 3 . In addition to these light neutrals, there is a light chargino in h 60 with mass m χ + 1 = 116 GeV, which decays dominantly via χ
⋆+ , and a light mẽ = 205 GeV selectron which decays to electroweakinos viaẽ ± → e ± χ, νχ ± .
LHC
Electroweakino and selectron production with NMSSM decays as in h 60 have not been explicitly sought at the LHC experiments. The Runs 1 and 2 exclusion r max = σ max /σ h60 was evaluated with CheckMATE1 With all currently validated analyses, r max < 1. See Table 2 . Maximum exclusion analyses are documented in Refs. 21-25.
The h 60 gluino with mg = 611 GeV was excluded in Run 1. Nevertheless, it was noted 11 that the gaugino mass parameter M 3 , which determines the gluino mass, can be arbitrarily increased beyond LHC exclusion without substantively changing the rest of the h 60 phenomenology -though possibly with an adverse impact on the naturalness of the point. We also note here that it can be decreased somewhat below kinematic decay thresholds, making it challenging to observe at the LHC. Similar remarks apply to the stop sector. 
5 which imposes the upper bound |S 12 | < 0.44 for large tan β. A recent re-analyis of LEP2 data from ALEPH has noted an excess of order 100 hadronic events with four jets and dijet masses M Singlet Higgstrahlung e + e − → Zh 1 with h 1 → 2a 1 → 4τ may be consistent with the excess topology, depending on details of the jetfinding. In h 60 the number of Zh 1 events produced in the √ s, dtL profile of the ALEPH dataset 30 yields approximately 13 events. An enhancement of S 12 by a factor three could account for the excess and still satisfy the LHC constraint |S 12 | < 0.44.
CEPC
In addition to direct production, the a 1 and h 1 may also be produced in electroweakino decays. When doublet dominated NMSSM electroweakino masses are below threshold for decay to SUSY particles outside the singlet sector, R-parity conservation forces decay to singlets and singlinos.
Neutralino pair production occurs through Z/γ s-channel and t-channel selectron exchange. See Figure 1 for the total h 60 neutralino pair production cross section versus √ s obtained with MG5 aMC@NLO 2.3.3. 31 In h 60 , the processes e + e − → χ i χ j (i = 1, 2, 3 and j = 2, 3) at √ s = 250 GeV dominantly produce two χ 1 and between one and four a 1 with BR(a 1 → τ + τ − ) = 0.81. If the singlet is too loosely coupled, the χ 2 and χ 3 widths may be small enough that the neutralinos decay outside the effective tracking volume of a detector. In h 60 decay distances cτ ≈ 0.1µm (2pm) for the χ 2 (χ 3 ), well inside the tracking radius. Similarly, cτ ≈ 10nm for the a 1 , ensuring detection of charged tracks from
produces two χ 1 and two a 1 , but also two offshell W ⋆ through the decay χ + 1 → χ 2 W ⋆ making it challenging to separate from background. In the following section we focus on neutralino pair production and leave the chargino channel for a dedicated future study.
Analysis
To demonstrate CEPC sensitivity to the light decoupled Higgs scenario discussed above, we analyze signal and background simulations generated in MG5 aMC@NLO 2.3.3 assuming √ s = 250 GeV, dtL = 10ab −1 and unpolarized e + e − beams. In principle the results also apply for the International Linear Collider (ILC), 32 though run scenarios for the ILC typically assume polarized beams and lower luminosity. Fast detector simulation is performed by Delphes 3.3.1.
34, 35 We use the DSiD Delphes card, 36 which emulates the full simulation performance of the SiD detector. 32 SiD was designed as a detector for the ILC, but has also been proposed as a detector for CEPC.
37
In the simulated signal sample we generate 2.5 × 10 6 e + e − → χ i χ j events requiring the h 60 dominant decays for each particle in each event (see Table 1 ). Using the h 60 SLHA 38 file, MG5 aMC@NLO yields σ χχ × BR ≈ 51 fb. Unconstrained tau decays are performed by Pythia6 39 libraries using Tauola.
40
For a detailed description of the background samples used here, see Ref. 41 . Briefly, these include initial states e + e − ,γγ with difermion and diboson final states ff , V V . They also include eγ initial states with final states eV ,νV . For each sample, enough events were produced such that their equivalent integrated luminosity is 10ab −1 or more. The MG5 aMC@NLO cross sections are used to normalize background events, except when they conflict with Ref. 42 , which include radiative effects tailored to CEPC, in which case the latter cross sections are used.
Approximately 46% of taus decay to single charged particles and one or two neutrinos, τ + → e + ν τ ν e , µ + ν τ ν µ , π + ν τ , while another 35% of taus decay to a single charged pion, one neutrino and one or two neutral pions τ + → π + π 0 ν τ , π + 2π 0 ν τ . An additional 4% of taus decay in other so-called one-prong decays to one track.
In the simulated signal and background samples we make a straightforward selection for the h 60 neutralino pair production processes accessible at √ s = 250 GeV. The selection relies heavily on particle flow techniques and highly granulated calorimetry for distinguishing charged and neutral calorimeter clusters, both strong features of the SiD detector.
We select for one isolated a 1 decaying to two one-prong taus and recoiling against either one or two a 1 also decaying to one-prong taus, resulting in at most six charged particles. We allow some inefficiency in signal track reconstruction, but require at least three charged tracks to eliminate background. We therefore select for 3 ≤ N trk ≤ 6 with p trk T > 0.4 GeV. Since two χ 1 will accompany each event, we require very little visible energy in the event, E vis < 0.2 √ s. To suppress background from two-fermion events like e + e − → τ + τ − , we require the event sphericity Sph > 0.1. For the isolated a 1 we require at least one track pair with net charge zero separated by at least 10
• and at most 90 • , with zero additional energy from neutral hadrons and tracks in the hemisphere defined by the track pair three vector. The pair with minimal angular separation is chosen for the isolated a 1 candidate. Additional photons in the a 1 candidate hemisphere are allowed to accommodate decay π 0 → γγ of neutral pions produced in the tau decay. Finally the total invariant masses in both the a 1 candidate (same) hemisphere and the opposite hemisphere are required to satisfy m sh , m oh > 0.5 GeV. For the signal and background event yields at each step in the analysis selection, see Table 3 . For the track multiplicity distribution before any selection and the invariant mass in the a 1 candidate hemisphere after full signal selection, see Figure 2 .
After full signal selection, 112 signal events remain and 14 background events remain. The dominant background is quark pair events γγ →and e + e − →with low track multiplicity and small visible energy from multiple semileptonic meson cascade decays. Background γγ →events dominate since they are produced at energies well below the e + e − beam √ s. It should be noted both that a very pure, if potentially biased, signal sample can be obtained by selecting events with m sh > 4 GeV, and that the signal selection can be further optimized with, for example, dedicated tau tagging and multivariate techniques. Finally, signal events with one or more subdominant decay, which have not been considered here, account for an unexplored 2/3 of the total signal cross section. The track multiplicity before any signal selection is applied (left) and the mass in the selected a 1 candidate hemisphere after full selection (right). In the left plot the signal is enhanced by ×100. Signal is white, total background is hatched. The signal feature at low mass is due to ρ 770 → π + π − .
Conclusion
We have described the phenomenology of a light singlet Higgs in the NMSSM which is largely decoupled from the doublet Higgs. Such a scenario remains viable even after Run 2 at the LHC. With e + e − colliders the decoupled light singlet is challenging to observe both in Z → a 1 h 1 at the LEP1 energy √ s = 91 GeV and singlet Higgstrahlung e + e − → Zh 1 at LEP2 energies 91 < √ s < 208 GeV. But with e + e − colliders at √ s = 250 GeV, neutralino pair production with decays to singlet Higgs bosons can proceed with a high enough cross section and low enough background to offer a unique opportunity to study these bosons in a clean event environment. For example, we evaluated the sensitivity of CEPC with √ s = 250 GeV and dtL = 10ab −1 to a benchmark point with a light NMSSM singlet sector a 1 , h 1 , χ 1 with masses 10, 56, 58 GeV. We find after a simple selection a high purity sample can be obtained with more than 100 signal events. The selection described has not been optimized, which is left for a future work.
